Plants represent the major source of food for humans, either directly or indirectly through their use as livestock feeds. Plant foods are not nutritionally balanced because they contain low proportions of a number of essential metabolites, such as vitamins and amino acids, which humans and a significant proportion of their livestock cannot produce on their own. Among the essential amino acids needed in human diets, Lys, Met, Thr and Trp are considered as the most important because they are present in only low levels in plant foods. In the present review, we discuss approaches to improve the levels of the essential amino acids Lys and Met, as well as of sulfur metabolites, in plants using metabolic engineering approaches. We also focus on specific examples for which a deeper understanding of the regulation of metabolic networks in plants is needed for tailor-made improvements of amino acid metabolism with minimal interference in plant growth and productivity.
Introduction
Human beings and their livestock cannot synthesise 10 of the 20 protein amino acids and therefore must obtain them from their diet. The major food supply for humans and livestock comes from plants, which contain very low proportions of some of these 'essential' amino acids, mostly Lys, Met, Thr and Trp. Large efforts are therefore being devoted to increasing the content of these essential amino acids in crop plants that serve as human foods and animal feeds. Many of the pathways of the metabolism of essential amino acids in plants have been elucidated, and genes encoding most of the enzymes in these pathways are now available. Modification of amino acid metabolic pathways by metabolic engineering, coupled with expression of recombinant genes encoding proteins enriched in essential amino acids, has contributed significantly to increased accumulation of essential amino acids in plants. However, these approaches have also exposed difficulties associated with achieving optimal levels of essential amino acids, as well as impaired plant growth and productivity, implying that deeper understanding of regulatory networks associated with amino acid metabolism is needed to improve the nutritional quality of plant foods and feeds. In the present review, we discuss approaches to increase the content of essential amino acids and sulfur metabolites in plants, focusing on the pathways of Lys, Met and Cys metabolism as examples. We also highlight specific points for which further research is needed for tailormade improvements in the contents of these metabolites with minimal interference in plant growth and productivity.
Improving Lys synthesis and accumulation
Lys is the most limiting essential amino acid in cereal grains, which represent the major source of human foods and animal feeds worldwide. From a biochemical standpoint, the biochemical pathway for Lys biosynthesis in plants is very similar to that operating in many bacteria. Lys is synthesised in plants from aspartate via one branch of the aspartate family pathway (Figure 1 ), which is localised in the plastid (Galili, 1995) . Lys biosynthesis in plants is regulated primarily by a Lys-mediated feedback inhibition of dihydrodipicolinate synthase (DHPS) (Figure 1) (Galili, 1995) . This is in contrast to bacteria, in which Lys biosynthesis is primarily regulated by both Lys-mediated repression of gene expression and feedback inhibition of the activity of a Lys-sensitive aspartate kinase isozyme (Cohen and Saint-Girons, 1987) .
Improving Lys levels by metabolic engineering
Most efforts to improve Lys production in plants by metabolic engineering have utilised bacterial DHPS enzymes that are much less sensitive to Lys inhibition than their counterpart plant DHPSs. Recombinant constructs encoding a plastid-targeted bacterial DHPS enzyme have been expressed in a number of model and crop plants, either constitutively using the cauliflower 35S promoter, or in a seed-specific manner using a variety of promoters derived from genes encoding seed storage reserves (see Galili, 1995, 2002, and references therein) . Constitutive expression of the bacterial DHPS caused significant over-accumulation of free Lys in vegetative tissues (Perl Only some of the enzymes and metabolites are specified. Dashed arrows with a 'minus' symbol represent either feedback inhibition loops or repression of gene expression. The dashed and dotted arrow with the 'plus' symbol represents the stimulation of gene expression or enzyme activity. Abbreviations: AK, aspartate kinase; DHPS, dihydrodipicolinate synthase; HSD, homoserine dehydrogenase; HK, homoserine kinase; TS, threonine synthase; TDH, threonine dehydratase; SAT, serine acetyl transferase; OAS, O-acetyl serine; CGS, cystathionine g-synthase; CBL, cystathionine b-lyase; MS, Met synthase; SAM, S-adenosyl Met; SAMS, S-adenosyl Met synthase; AdoHcys, adenosylhomocysteine; SMM, S-methyl Met; MTHF, methyltetrahydrofolate; ST, sulfate transporter; ATPS, ATP sulfurylase; APS, adenosine-59-phosphosulfate; APR, APS reductase; SiR, sulfite reductase; OASTL, O-acetylserine(thiol)lyase; SO 3 2-, sulfite; S 2-, sulfide; GEC, g-glutamylcysteine; GSH, glutathione.
et Shaul and Galili, 1992) , but had major deleterious effects on the plant phenotypes, rendering this approach unsuitable for improving Lys content in crop plants. Seed-specific expression of the bacterial DHPS enzymes significantly reduced the phenotypic problems, but yielded different results for Lys over-accumulation, which were dependent on the plant species used. The first attempt to improve Lys accumulation specifically in developing seeds was the expression of a bacterial DHPS under the control of the seed-specific bean phaseolin storage-protein gene promoter in transgenic tobacco plants (Karchi et al., 1994) . Overproduction of Lys was noted in the developing seeds (Karchi et al., 1994) , but Lys levels in mature seeds were not higher than in wild-type non-transformed plants. This unexpected observation was likely due to effective Lys catabolism in the developing seeds, as Lys overproduction in these seeds significantly stimulated the activity of Lys ketoglutarate reductase (LKR) (Karchi et al., 1994 (Karchi et al., , 1995 , the first enzyme in the a-amino adipic acid pathway that catabolises Lys into Glu and acetyl CoA (Arruda et al., 2000; Galili et al., 2001 ). This discovery stimulated extensive research on Lys catabolism in plants, resulting in the elucidation of this pathway as a super-regulated metabolic pathway with a number of developmental and stress-related functions (Arruda et al., 2000; Galili et al., 2001) . Following the studies in tobacco plants, a bacterial DHPS was also expressed in a seed-specific manner in two transgenic dicotyledonous crop plants, namely soybean and rapeseed, as well as in maize, which is a monocotyledonous crop plant (Falco et al., 1995; Mazur et al., 1999) . Unlike tobacco, the transgenic soybean and rapeseed showed significant elevation of free Lys levels in mature seeds, with nearly double the total seed Lys content. However, extreme Lys overproduction in these plants caused problems in seed germination, and Lys overproduction was also associated with increased levels of various Lys catabolites (Falco et al., 1995; Mazur et al., 1999) , implying that Lys catabolism is also an efficient metabolic pathway in seeds of soybean and rapeseed.
Unexpected results were obtained when a bacterial DHPS was expressed in a seed-specific manner in transgenic maize seeds. Unlike soybean and rapeseed, in which the major storage organ is the embryo, the major storage tissue in cereal seeds is the endosperm (Galili and Herman, 1997) and Lys catabolism is considered to operate in several specific peripheral cell layers of the endosperm (Arruda et al., 2000) . However, expression of the bacterial DHPS in the endosperm did not cause any major increase in seed Lys levels, while its expression in the developing embryo caused significant increases in seed Lys levels (Mazur et al., 1999) . Moreover, Lys overproduction in the maize embryos was associated with an increase in Lys catabolic products (Mazur et al., 1999) , despite the fact that Lys catabolism was suggested to be minimal in this tissue (Arruda et al., 2000) . This illustrates again the complexity of amino acid metabolism in plant seeds.
The significant activity of Lys catabolism in plant seeds suggests that metabolic engineering of high-Lys crops would require its reduction or elimination. However, the exact procedure to manipulate Lys catabolism depends on whether this pathway is essential for plant growth and development. To study the significance of Lys catabolism, an Arabidopsis mutant with knockout of the LKR/ SDH gene, encoding the first two linked enzymes of the Lys catabolism pathway, was generated . This knockout exhibits a morphologically normal phenotype under favourable growth conditions and also possesses enhanced Lys levels in the seeds . Analysis of natural high-Lys maize mutants has also confirmed a regulatory role of Lys catabolism in balancing Lys concentration in seeds (Kemper et al., 1998; Azevedo et al., 2003 Azevedo et al., , 2004a .
To elucidate further the potency of Lys catabolism in balancing Lys levels in seeds, a bacterial DHPS was expressed in a seed-specific manner either in wild-type Arabidopsis or in the Arabidopsis LKR/SDH knockout mutant (Zhu and Galili, 2003) . While expression of either the bacterial DHPS or the knockout mutant caused higher accumulation of seed free Lys compared to wild-type plants, the combination of these two traits caused a dramatic synergistic increase in seed free Lys levels (Zhu and Galili, 2003) . This shows that Lys catabolism can become a very potent pathway when Lys overaccumulates.
The extreme Lys accumulation in mature seeds of Arabidopsis plants expressing bacterial DHPS on the LKR/ SDH knockout background also severely reduced seed germination (Zhu and Galili, 2003) . Since LKR/SDH knockout eliminates Lys catabolism in all tissues, it is possible that the inhibition of seedling growth was due to a negative physiological effect of excess Lys levels on seed germination, resulting from defective post-germination catabolism of Lys. This issue was addressed by co-expressing the bacterial DHPS gene with an RNAi construct of the Arabidopsis LKR/SDH, both under control of the same seed-specific promoter (Zhu and Galili, 2004) . On this genetic background, both enhanced Lys synthesis and its suppressed catabolism are restricted to the developing seeds. Co-expression of these two seedspecific constructs significantly boosted seed Lys content, while seed germination was significantly improved (Zhu and Galili, 2004) , implying that restricting the manipulation of Lys synthesis and catabolism to the seeds is important for generating high-Lys crop plants.
Understanding the relationship between Lys metabolism and seed germination requires a genomics approach that includes combined transcription profiling, proteomics and metabolic profiling aspects. Such an approach has been recently initiated in our laboratory and the preliminary unpublished results indicate that Lys metabolism is associated with alterations in metabolic pathways and gene expression programs in both developing and germinating seeds. How Lys exerts its effect on plant growth and metabolism is another exiting question that will hopefully be solved by the genomics approach. One possible way is that Lys regulates plant growth by its metabolic interaction with the pathway that synthesises Met, which is not only a protein amino acid, but also an important regulator of plant growth (see detailed discussion below). Alternatively, Lys may also regulate plant growth via other mechanisms. Being a basic amino acid, Lys may participate in the regulation of cellular pH, which is likely to be an important regulator of various plant processes, such as the opening and closure of stomata (Suhita et al., 2004) . In addition, Lys itself may also serve as a direct regulatory signal in plants. Although no evidence for such an effect has been demonstrated in plants, in prokaryotes Lys regulates the production of enzymes in its biosynthetic pathway via binding to the RNAs encoding them (Rodionov et al., 2003; Sudarsan et al., 2003) . Direct regulation of gene expression by metabolites in a process called 'riboswitch' is a recently developed field of research, mainly in prokaryotes (Nudler and Mironov, 2004) , and the possible identification of similar riboswitch mechanisms in plants is a major challenge for future research.
Utilisation of Lys-rich proteins to improve Lys levels
Free amino acids represent a small proportion of the total amino acids in plant tissues, with the majority of amino acids present in proteins. This is particularly true in sink tissues, such as seeds, which represent the main organs used as foods and feeds. Thus, enhanced levels of essential amino acids in plant foods may require more efficient incorporation into proteins with a sequence rich in the desired amino acids. Since the amino acid content of most natural proteins in plant seeds are relatively poor in various essential amino acids, a suitable approach is to transform these plants with genes encoding stable proteins that are rich in the desired amino acid(s) and that can accumulate to high levels.
The choice of enriching proteins with essential amino acids is not simple because, following synthesis, these proteins are deposited in sub-cellular compartments containing proteases, and therefore proteins with relatively unstable structures may be quickly degraded. Since different plant species and different sub-cellular compartments within a given plant species apparently contain different proteases, the engineering of desirable proteins should take this into account. So far, synthetic and modified natural proteins have been widely tested, and results suggest that the most promising approach is to start with native plant proteins that are rich in essential amino acids and are naturally synthesised and accumulated in the tissue of interest. The content of essential amino acids in these proteins may be further improved by inserting them into desirable places that will interfere minimally with the structural conformation and stability of the proteins. An excellent example of such successful engineering is the modification of a native barley gene encoding a Lys-rich seed chymotrypsin inhibitor, termed 'barely high lysine' (BHL) protein, to increase its Lys codons Rao, 1999, 2000; Forsyth et al., 2005) .
The most successful application of engineered native Lys-rich proteins so far has been achieved in maize. Among a variety of natural, modified or synthetic genes that were tested in maize, the most significant increase in seed Lys levels was obtained by the expression of genetically engineered BHL or hordothionine (HT12), containing 24% and 28% Lys, respectively (Jung and Falco, 2000) . These proteins accumulated in transgenic maize to 3-6% of total grain proteins and, when introduced together with a bacterial Lys-insensitive DHPS, resulted in very high elevation of total Lys to over 0.7% of seed dry weight (Jung and Falco, 2000) compared to approximately 0.2% in wild-type maize. Combining these traits with seed-specific reduction of Lys catabolism offers an optimistic future for commercial application of high-Lys maize.
An approach to increase Lys content in vegetative tissues was also attempted by constitutive co-expression of a Lys-rich soybean vegetative storage protein b subunit (S-VSPb) together with a bacterial feedback-insensitive DHPS in transgenic tobacco plants (Guenoune et al., 2003) . In plants expressing both foreign genes, the level of S-VSPb was significantly increased compared to plants expressing S-VSPb alone, indicating that the level of free Lys may limit the accumulation of S-VSPb. In addition, the total Lys level (soluble and protein-bound) in these transgenic tobacco plants increased by 30% above the wild-type level (Guenoune et al., 2003) .
Improving Met synthesis and accumulation
Met is the most limiting essential amino acid in both grain legumes and forage legumes, which provide a significant source of protein for human and farm animals worldwide. Besides the function of Met as a protein constituent and its key role in the initiation of mRNA translation, Met indirectly regulates a variety of additional cellular processes as the direct precursor of S-adenosyl methionine (SAM). SAM provides the methyl group for numerous trans-methylation reactions, such as DNA methylation, which are important in both plant and animal cells. Moreover, Met is also an important regulator of processes that are specific to plants, such as providing methyl groups for cell wall biosynthesis and serving as a precursor for the hormone ethylene and the biosynthesis of polyamines (Figure 1) . Thus, additional studies are needed to improve Met content with minimal interference in plant development and response to stresses.
Met synthesis is regulated primarily by cystathionine g-synthase in Arabidopsis
Met biosynthesis is regulated by the level of its first unique enzyme, cystathionine g-synthase (CGS). This chloroplast-localised enzyme uses O-phosphohomoserine and cysteine to form cystathionine, the first intermediate metabolite of the Met biosynthesis pathway (Figure 1 ). CGS is probably not regulated through feedback inhibition of enzyme activity (Ravanel et al., 1998a,b) ; instead, the amount of CGS enzyme is regulated by free Met through its downstream product, SAM, by a post-transcriptional mechanism (Chiba et al., 1999 Onouchi et al., 2004) . This regulation is associated with a specific domain in the CGS mRNA encoding the ca. 100 N-terminal amino acids of the mature CGS polypeptide after the plastid transit peptide has been removed. This domain is not present in bacterial CGS genes and its encoded polypeptide is not essential for CGS catalytic activity . The regulatory significance of this domain was first identified through genetic studies in Arabidopsis in which mto1 mutants, accumulating up to 40-fold higher free Met than wild-type plants, showed DNA sequence alterations within a specific region within this domain, called the MTO1 region (Inba et al., 1994; Chiba et al., 1999) . The MTO1 region apparently acts in cis to down-regulate CGS mRNA levels when the level of Met/SAM rises via a mechanism that apparently involves the nascent polypeptide translated from this mRNA region (Chiba et al., 1999; Lambein et al., 2003; Onouchi et al., 2004) .
Notwithstanding, despite the regulatory post-transcriptional function of the MTO1 region, no inverse correlation between Met levels and CGS mRNA levels was evident in transgenic Arabidopsis plants constitutively expressing the endogenous CGS (Kim et al., 2002) . Moreover, overexpression of Arabidopsis CGS in tobacco , potato (Di et al., 2003) , and alfalfa plants showed positive correlation between the Arabidopsis CGS level and Met content instead of the expected negative correlations. Whether these observations are due to variations in the MTO1 machinery between different Arabidopsis tissues and between different plant species or result from the overexpression itself has still to be elucidated.
Interestingly, despite the dominant regulatory function of the MTO1 region in Arabidopsis CGS, the existence of such a regulatory mechanism in CGSs of other plant species is still an open question. On one hand, the MTO1 region is conserved in the CGSs of all plant species analysed so far. On the other hand, the transcript level of the potato CGS gene is not influenced by Met, despite the fact that the MTO1 region in the potato CGS gene is highly conserved compared to that of the Arabidopsis counterpart (Kreft et al., 2003) . Whether this difference is due to the variable sequences outside the MTO1 region in the Arabidopsis and potato CGS genes or to a variation in other trans-acting elements between these two species is an interesting issue for future research.
Met synthesis is also regulated by crossinteractions between the Thr and Met branches of the aspartate-family pathway
Met biosynthesis is regulated not only by the flux through CGS, but also by the level of Thr synthase (TS), the last enzyme in the Thr biosynthesis pathway. Met and Thr are both synthesised by a second branch of the Asp family pathway, which diverges from the Lys biosynthesis pathway at the level of aspartate semialdehyde (Figure 1 ). This branch has two common enzymatic steps, followed by Met synthesis that diverges from Thr synthesis at the level of O-phosphohomoserine ( Figure 1) . As a result, CGS competes with TS for their common substrate, O-phosphohomoserine (Galili, 1995) . This branch point plays a major regulatory role in carbon/amino flux towards the Met biosynthesis pathway Hesse and Hoefgen, 2003 , and references therein). Recent in vitro studies and kinetic modelling suggest that TS and CGS have similar catalytic efficiency and that utilisation of O-phosphohomoserine by the two pathways is unequal due to differences in the amount of the TS and CGS proteins (Curien et al., 2003) . It was found that the level of TS was seven-fold higher than the level of CGS in Arabidopsis, causing the flux towards Thr synthesis to be four-fold higher than the flux towards Met (Curien et al., 2003) . This finding was supported by analyses of transgenic and mutant plants, showing that the amounts of TS and CGS are important in determining the distribution of carbon/amino skeletons between the two pathways Amir et al., 2002) . Such mutant analyses have demonstrated that a reduction in the TS level caused only moderate reductions in free Thr concentrations, whereas the concentration of free Met dramatically increased (Bartlem et al., 2000; Zeh et al., 2001; . These results imply that a reduction in the amount of TS causes either an increased upstream flux of the aspartate family pathway towards Met or a reduced rate of Met catabolism to SAM.
If only the ratio between CGS and TS affects the partition of O-phosphohomoserine between Thr and Met biosynthesis, it is expected that when TS is reduced, the level of Met would proportionally increase, and vice versa. However, antisense reduction in TS activity in potato and Arabidopsis caused a far stronger molar increase in Met levels than the molar decrease in Thr levels . In addition, in the mto1 Arabidopsis mutant, as well as in transgenic tobacco, alfalfa and Arabidopsis plants in which the CGS was overexpressed, significant increases in Met levels were not accompanied by significant changes in Thr levels Hacham et al., 2002; Kim et al., 2002; . Moreover, Arabidopsis and potato plants expressing the antisense form of CGS showed a significant increase in O-phosphomoserine levels, while Thr was increased only slightly Kreft et al., 2003) . These results imply that even when O-phosphomoserine is available for Thr synthesis, TS does not utilise it efficiently when the expression level of CGS is low, perhaps because a lower flux through CGS may result in lower amounts of SAM, which is insufficient for optimal activation of TS (Figure 1 ). The regulatory cross-interaction between CGS and TS is also supported by the observation of a positive correlation between TS and CGS expression levels in Arabidopsis Lee et al., 2005) . Feeding experiments demonstrated that Thr increased the expression level of CGS, but reduced that of TS, while Met reduced the expression level of CGS, but increased that of TS . This indicates that both Met and Thr affect the two enzymes at the branching point, thus controlling not only their own level, but also the level of each other. This mechanism probably aids in keeping the levels of these two essential amino acids sufficiently high to support plant growth when the level of O-phosphomoserine is low. However, other unknown factors may also be involved in regulating the complexity of the competition between CGS and TS. SAM, the first catabolic product of Met (Figure 1 ), is apparently one of these factors, since it regulates both TS activity and CGS transcript levels (Curien et al., 1998; Chiba et al., 2003) .
Another interesting question is whether the competitive interactions between TS and CGS affect only their separate downstream fluxes or also affect their common upstream flux (Figure 1 ). To address this, Lee et al. (2005) constitutively overproduced homoserine kinase, the enzyme producing O-phosphohomoserine, in transgenic Arabidopsis plants. The levels of free Met and Thr were not significantly elevated in these transgenic plants compared with wild-type plants. Nonetheless, upon exogenous feeding with homoserine, significant enhancement of the levels of these two amino acids was observed (Lee et al., 2005) . Exogenous feeding with homoserine also significantly enhanced the level of free Met in CGS-overexpressing plants, implying that homoserine content limits the synthesis of O-phosphohomoserine as well as free Met and Thr (Lee et al., 2005) .
Can Met levels be enhanced in plants by a metabolically engineered bypass of the CGS/TS competition?
Bacteria, yeast and fungi have Met biosynthesis pathways different from those in plants, in which the branching point between Thr and Met diverges from homoserine, the upstream metabolite to O-phosphohomoserine (Figures 1 and 2A-C) . Homoserine is then combined with acetyl CoA or succinyl CoA to form O-acetylhomoserine or O-succinylhomoserine, respectively, by reactions catalysed by homoserine acetyltransferase or homoserine succinyltransferase ( Figure 2B,C) . The latter two metabolites are not produced in plants, but can be used by the plant's CGS, as shown by in vitro (Ravanel et al., 1998b) and in vivo studies (Hacham et al., 2003) . Thus, expression of the yeast or bacterial homoserine acetyltransferase or homoserine succinyltransferase enzyme in plants can potentially bypass the TS/CGS competition, channelling more carbon/amino skeleton from homoserine towards Met.
As a rule, O-succinylhomoserine cannot be produced in plant plastids, since its precursor succinyl CoA is not present in this organelle. However, potential production of O-acetylhomoserine in plastids is possible, since acetyl CoA and homoserine, the two substrates required for its synthesis ( Figure 2D ), are present in this compartment. Thus, to study this approach, the MET2 gene of the yeast Saccharomyces cerevisiae and METX gene of Leptospira meyeri, both encoding homoserine acetyltransferase, were expressed in transgenic tobacco plants (Gamrasni et al., 2005) . Results indicate that the yeast and bacterial enzymes are both heat-labile and tend to change their intracellular conformation in the transgenic plants, triggering their massive aggregation in plant cells (Gamrasni et al., 2005) . The significance of these interesting results in terms of the evolution of the various Met biosynthesis pathways awaits future studies.
Metabolic engineering of Met biosynthesis towards improving nutritional quality
Taking the results discussed above and the regulatory significance of Met, it is questionable whether free Met levels can be constitutively enhanced in crop plants without deleterious effects on plant growth and performance, as was indeed observed in a number of studies (Inba et al., 1994; Zeh et al., 2001; Hacham et al., 2002) . Nevertheless, overexpression of the Arabidopsis CGS gene in transgenic alfalfa, a legume crop used for animal feed, caused a significant increase in free Met content in vegetative tissues without any detectable phenotypic defects . Notably, in these CGS-overexpressing alfalfa plants, Met incorporated into the watersoluble protein fraction was also significantly increased, indicating that in the vegetative tissues of alfalfa plants, soluble Met content represents a limiting factor for its incorporation into endogenous sulfur-rich proteins. These transgenic plants may therefore contain an adequate Met content in their vegetative tissues to feed animals, without any need for the addition of synthetic Met , which is usually supplemented to complete the sulfur content of animal feeds (Bagga et al., 2003 (Bagga et al., , 2004 .
Unlike Lys, so far no attempt has been made to improve Met biosynthesis in developing seeds. Such approaches may avoid the appearance of an abnormal morphological phenotype by using constitutive promoters to alter Met metabolism Hacham et al., 2002; .
Improving Met content by expressing sulfur-rich proteins
Major attempts have been devoted to the expression of genes encoding sulfur-rich proteins to improve the nutritional balance of Met in both seeds and vegetative tissues (reviewed by Tabe and Higgins, 1998; Hesse et al., , 2004a Amir et al., 2002) . The approach most commonly used has been to express heterologous natural Met-rich storage proteins, such as the 2S albumins from Brazil nut and sunflower. Brazil nut albumin has been expressed in seeds of a number of plant species, including tobacco, canola, narbon bean and soybean. In some of these cases, significant enhancement of seed total Met was observed compared to wild-type seeds (Altenbach et al., 1992; Muntz, 1997; Tabe and Higgins, 1998 ). However, the improved level of Met was still short of the optimal level required in human foods and animal feeds (Molvig et al., 1997; Tabe and Higgins, 1998) . Unfortunately, these two sulfur-rich proteins were also found to be allergenic in some people (Bartolome et al., 1997; Kelly and Hefle, 2000) , reducing the usefulness of these proteins as sink proteins, at least in human nutrition, and forcing the researchers to search for new candidates.
Despite extensive expression of Brazil nut and sunflower 2S albumins, higher levels of total seed Met were found in some plant species, but not in others. Detailed examination revealed that production of these heterologous proteins came at the expense of other endogenous sulfur-rich compounds and Met-rich proteins (Muntz, 1997; Tabe and Higgins, 1998; Hagan et al., 2003; Chiaiese et al., 2004) . For example, cotyledons in transgenic lupins expressing the sunflower 2S albumin contained less free Met, Cys and glutathione than control plants, and exhibited a drop in the level of endogenous sulfur-rich proteins (Tabe and Droux, 2002) . A similar, apparent reallocation of sulfur from endogenous proteins to heterologous sulfur-rich protein has also been reported in transgenic corn expressing a sulfur-rich zein (Anthony et al., 1997) , in transgenic soybean expressing the 2S albumin of Brazil nut (Jung et al., 1997) , and in transgenic rice seeds expressing sunflower 2S albumin (Hagan et al., 2003) . These findings indicate that the available soluble Cys and Met in the seeds of these plant species may limit the accumulation of sulfur-rich proteins. Moreover, few studies have shown that the level of soluble sulfur amino acids affects the nature of the proteins synthesised by affecting the ratio between the sulfur-rich and Met-poor proteins. This phenomenon was mainly studied in transgenic rice seeds expressing sunflower 2S albumin (Hagan et al., 2003) and in transgenic Arabidopsis seeds expressing the Met-poor soybean protein b-conglycinin Hirai et al., 1995) . In Arabidopsis seeds, expression of b-conglycinin is down-regulated by exogenous application of Met and up-regulated by deficient sulfate conditions Hirai et al., 1995) . As revealed in these studies, this regulation occurs through transcriptional and post-transcriptional processes Hirai et al., 1995; Hagan et al., 2003) . In other words, sulfur-rich proteins were modulated in response to the availability of sulfur in the environment: sulfur limitation or excess evoked specific changes in protein profiles.
Although soluble Met and Cys play major limiting roles in determining the seed protein composition, the tissues of their synthesis are still not entirely clear. It has long been thought that sulfur is assimilated in vegetative tissues into glutathione, which is then transported into the seeds, where it is converted into Cys and Met. However, recent studies performed in lupin have demonstrated that Cys and Met can also be synthesised de novo in seeds (Tabe and Droux, 2002) . These studies have shown that not only can sulfur be transported into developing pods via the phloem, but it is also incorporated into seed proteins, implying that it was converted into Cys and Met (Tabe and Droux, 2002) . The activities of the these enzymes of the sulfur amino acids biosynthesis pathway, were found in the developing cotyledons in quantities theoretically sufficient to account for all of the sulfur amino acids that accumulate in the protein of mature lupin seeds (Tabe and Droux, 2002) . It was therefore concluded that sulfur assimilation by the cotyledons themselves operates as an important source for the synthesis of lupin-seed sulfur amino acids and their incorporation into seed storage proteins. Support for the proposal of de novo synthesis of Met in seeds was obtained in two different studies. Seed-specific expression of bacterial feedback-insensitive aspartate kinase (Figure 1 ) in transgenic tobacco plants caused an elevation in free Met in mature seeds (Karchi et al., 1993) , while seed-specific co-expression of this same bacterial aspartate kinase together with Brazil nut 2S albumin showed an additive effect of both transgenes on Met levels in narbon bean seeds (Demidov et al., 2003) .
Another important metabolite for Met accumulation in seeds is S-methyl Met (SMM), a plant-specific Met storage and mobile form that can be transported from leaves to the developed seeds. In barley, SMM synthesised in leaves is translocated through the phloem to the developing grains, where it is recycled into Met used for protein synthesis (Bourgis et al., 1999) . This process demands complete separation in space and time of SMM synthesis woccurs through the activity of SAM:Met S-methyltransferase (MMT)x from SMM metabolism into Met (performed by the activity of SMM:homocysteine S-methyltransferase). However, Arabidopsis and maize mmt mutants, which are unable to synthesise SMM, grow and reproduce normally, suggesting a minimal regulatory role for SMM in the sulfur transport, at least in these two plant species (Kocsis et al., 2003) . The relative rates of sulfur amino acid synthesis in seeds or leaves of different plant species and its regulation is also a major target for future studies aimed at producing higher levels of Met and Cys in seeds.
In addition to improving the nutritional quality of seeds, efforts were also made to improve the quality of vegetative tissue, with a particular focus on forage legumes. Genes encoding seed storage proteins fused to a constitutive promoter were used. A different fate for Met is likely in vegetative tissue compared to seed tissue. The primary difference between seed and vegetative tissues is the commitment of seeds to the synthesis and accumulation of seed-storage proteins, and hence less catabolism of Met via SAM is expected in seeds. In addition, sulfur-rich proteins may also be less stable in vegetative tissues than in seeds because in seeds they can accumulate in protein bodies derived from the endoplasmic reticulum (ER) or in storage vacuole-derived protein bodies, which may protect them from proteolysis. Whereas the ER-accumulating storage proteins may also be retained in the protease-poor environment of the ER of vegetative cells, vacuolar proteins are targeted to the vegetative vacuole, which is a protease-rich compartment. This is probably why Brazil nut 2S albumin constitutively expressed in Vicia narbonensis and in tobacco plants could not accumulate to high levels in the vacuoles of mesophyll leaf cells (Saalbach et al., 1994) . To avoid this vacuolar degradation, an ER retention signal (KDEL) was engineered to 2S Met-rich albumins, such as sunflower 2S albumin (Wandelt et al., 1992; Tabe et al., 1995; Khan et al., 1996) and pea albumin (Ealing et al., 1994) . This enhanced the stability of the foreign proteins compared to other transgenic plants, leading to their expression in the cytosol (Ealing et al., 1994; Tabe et al., 1995; Khan et al., 1996) . Nevertheless, the levels of these ER-localised proteins were not increased above 1.3% of the total soluble protein in the vegetative tissues. A higher accumulation level was obtained when b-, g-and/or d-zein, all of which accumulate naturally in seed ERderived protein bodies, were expressed in the vegetative tissue of forage and non-forage plants, such as alfalfa, lotus, tobacco and white clover (Bagga et al., 1997 (Bagga et al., , 2004 Bellucci et al., 1997 Bellucci et al., , 2002 Sharma et al., 1998) . Notably, tobacco and alfalfa plants overexpressing the band d-zein produced novel ER-derived protein bodies in leaves, which apparently protect them from degradation (Bagga et al., 1995 (Bagga et al., , 2004 . Co-expression of these two proteins also significantly increased further the level and stability of d-zein (Bagga et al., 1995 (Bagga et al., , 1997 (Bagga et al., , 2004 , implying that interactions between different zeins may be important for their accumulation (Kim et al., 1992) . To further test whether the level of free Met limits the production of sulfur-rich proteins in vegetative tissues, transgenic alfalfa plants constitutively expressing the 15-kDa zein were crossed with those described above that constitutively express Arabidopsis CGS (Bagga et al., 2003 (Bagga et al., , 2004 Golan et al., 2005) . Compared to plants expressing only the 15-kDa zein, those co-expressing both transgenes showed significantly enhanced levels of the maize 15-kDa zein, concurrent with a reduction in the level of soluble Met, implying that in the crossed plants more soluble Met was incorporated into the 15-kDa zein (Bagga et al., 2003 (Bagga et al., , 2004 Golan et al., 2005) . Elevation of the 15-kDa zein in alfalfa plants is of particular nutritional importance to ruminant animals, as this protein is resistant to rumen proteolysis (Bagga et al., 2004) .
Improving the biosynthesis rates of Cys and associated metabolites
Cys -more than an amino acid Cysteine, 2-amino-3-mercaptopropionic acid (Cys), has essential cellular functions with a broad spectrum of possible applications. Like Met, Cys is a proteinogenic sulfurcontaining amino acid. Upon incorporation into proteins, its free sulfhydryl group allows the formation of tertiary and even quaternary structures via disulfide bridges and it protects proteins against oxidation or even regulates enzyme activities. Furthermore, Cys is directly incorporated into glutathione, a tripeptide, and serves as a precursor for some S-containing metabolites, such as co-enzyme A, Met and its derivatives SAM and SMM, as well as many secondary compounds, such as S-methylcysteine, S-alkylcysteine, glucosinolates and phytoalexins (Schmidt and Jä ger, 1992; Ravanel et al., 1998a; Matthews, 1999; . Together with glutathione, Cys acts as a general catalyst in redox reactions through the nucleophilic properties of its sulfur atom, utilising the dithiol-disulfide interchange, as displayed in the thioredoxin and glutaredoxin systems, and plays a critical role in protection against abiotic/biotic stresses (Leustek et al., 2000; Schurmann and Jacquot, 2000; Jacquot et al., 2002; Noctor et al., 2002) . Recently, the redox function has been implicated as a possible agent or indicator of oxidative damage in mammalian systems (Stipanuk, 2004) . Finally, plant sulfate assimilation and sulfur amino acid synthesis, i.e., the content of Cys and Met in crop plants, are of nutritional importance for monogastric animals, which are unable to synthesise at least Met (Tabe and Higgins, 1998; Hö fgen et al., 2001) .
Cys is a semi-essential amino acid that is formed in plants and bacteria via a reductive pathway from sulfide and an activated serine. In contrast, mammals are able to convert the essential amino acid Met via the reverse trans-sulfuration pathway with the intermediates homocysteine and cystathionine to Cys. Thus, Cys provision in the diet or feed has a 'sparing' effect on the amount of Met to be ingested, as the need for conversion is reduced. Yeast and some archaebacteria possess both a trans-sulfuration pathway and direct synthesis through O-acetylserine(thiol)lyase (OASTL) (as described below) leading to the formation of Cys (Thomas and Surdin-Kerjan, 1997 ).
Cys biosynthetic pathway in plants
Sulfur uptake and assimilation have been shown to be dependent on a constant supply of the precursor of Cys, O-acetylserine, which in turn is dependent upon adequate nitrogen and carbon availability (Koprivova et al., 2000; Kopriva et al., 2002) . Excess Cys or other reduced sulfur compounds repress the uptake and assimilation of sulfur, either when sulfur is in excess or when nitrogen is limiting (Zhao et al., 1999) .
The multitude of interactions in the cellular network makes it necessary to tightly regulate synthesis and cellular homeostasis. Cys synthesis can be regulated at several steps (Hesse et al., 2004b) . Cys biosynthesis in plants is the result of successive steps (Figure 1) , starting with sulfate uptake by the respective sulfate transporter, activation of sulfate by covalent binding to ATP via an ATP-sulfurylase-catalysed reaction to form APS, its reduction to sulfite by APS-reductase (APR), and finally reduction to sulfide by sulfite reductase. Sulfide is then transferred to activated serine by OASTL to form Cys. The activated serine, O-acetylserine (OAS), is synthesised by serine acetyltransferase (SAT), which forms a complex with OASTL. Although pivotal roles in sulfate assimilation have been described for ATP-sulfurylase and sulfite reductase, three major processes performed by the sulfate transporter, APR, and SAT affect the overall synthesis of Cys. First, sulfate uptake by the roots enables the plant to achieve its inner cellular homeostasis. Second, sulfate reduction increases the flux of intermediates to yield sufficient reduced sulfur; and third, serine trans-acetylation ensures the provision of a carbon/nitrogen backbone for Cys formation. Alterations to any of these three processes can have profound effects on Cys biosynthesis, and thus on the amounts of sulfur-containing metabolites and the capacity of plants to grow in soils in which nutrient resources are limiting.
Regulatory aspects of Cys homeostasis
In recent years substantial progress in understanding plant sulfate assimilation has been achieved (Hawkesford, 2000; Leustek et al., 2000; Suter et al., 2000; Hö fgen et al., 2001) . Several recent reports have identified APR as the key enzyme in this pathway and have provided many important results on its biochemistry and regulation (Figure 1) Bick et al., 2001; Kopriva et al., 2001) . Its activity and steady-state mRNA levels increase markedly and co-ordinately in response to sulfate starvation (Gutierrez-Marcos et al., 1996; Takahashi et al., 1997; Yamaguchi et al., 1999) , oxidative stress (Leustek et al., 2000) , or heavy metal exposure (Heiss et al., 1999) . The latter two stresses increase the demand for glutathione, and hence the Cys necessary for glutathione synthesis. On the other hand, APR activity and transcript levels were decreased if Cys and glutathione were fed in excess (Vauclare et al., 2002) . This result implies that increased internal Cys and glutathione levels might control sulfate assimilation. Although the importance of APR is evident, most work on understanding the regulation of Cys synthesis was focused on the last two enzymes of the biosynthetic pathway, SAT and OASTL (Figure 1 ).
SAT and OASTL catalyse the final step of Cys formation (Hesse et al., 2004b) . In plants, OASTL has been shown to be present in 100-to 400-fold excess over SAT (Schmidt and Jä ger, 1992; Hö fgen et al., 2001) . However, free OASTL also catalyses the reverse reaction, releasing H 2 S, which might function in latent pathogen protection (Riemenschneider et al., 2005) . A further aspect in understanding Cys synthesis is the subcellular localisation of both SAT and OASTL in several compartments Hesse et al., 2004b; Riemenschneider et al., 2005) . The presence of isoforms in the cytosol, plastids, and mitochondria suggests that the ability to form Cys is essential for all compartments with the ability for protein biosynthesis. However, their single contributions to net Cys synthesis and any functional interactions that may occur between these subcellular locations are unknown. Interestingly, only Arabidopsis seems to possess a mitochondrial localised OASTL (Hesse et al., 1999) , while in other plants, such as spinach, b-cyanoalanine synthase (CAS) is responsible for this function (Saito et al., 1994; Hawkesford, 1998, 2000; Hatzfeld et al., 2000) . In this context, it is important to note that CAS exists in addition to OASTL in Arabidopsis mitochondria (Hatzfeld et al., 2000) . Biochemical and molecular approaches showed that SAT and OASTL in plants are associated in a multi-enzyme complex called Cys synthase, as first described in Salmonella typhimurium and Escherichia coli (Kredich, 1993; Bogdanova and Hell, 1997; Wirtz et al., 2001; Berkowitz et al., 2002) . The current model of Cys formation proposes that in the complex of OASTL and SAT, OASTL is virtually inactive but causes the stabilisation of SAT, while SAT is only active when bound in the complex. OAS formed in the complex then decreases the binding affinity of both enzymes, and OASTL is released to convert OAS to Cys. Thus, the dissociation serves to control OAS synthesis. However, the concentration of OASTL is far in excess of SAT, and the free OASTL is responsible for the production of Cys (Hawkesford, 2000; Saito, 2000; Berkowitz et al., 2002; Hell et al., 2002) . The question arises as to how a plant achieves Cys homeostasis. OAS was thought to be a dominant limiting factor for Cys synthesis, as shown by overexpression of SAT resulting in increased levels of Cys and glutathione in transgenic tobacco and potato plants (Blaszczyk et al., 1999; Harms et al., 2000; Wirtz and Hell, 2003) . Interestingly, down-regulation of OASTL by an antisense approach also shifted the balance of the SAT/ OASTL ratio, resulting in increased thiol levels (Riemenschneider et al., 2005) . Taking these results together, we have to conclude that formation of the SAT/OASTL complex might have two functions: the activation of SAT to form OAS and the regulation of Cys homeostasis by binding OASTL, which is inactive, thus inhibiting the OASTL-driven reverse reaction. Thus, it can be assumed that the excess of OASTL is, under normal conditions, responsible for both de novo synthesis and the breakdown of Cys to keep Cys or reduced sulfur levels in balance (Figure 1) .
On the other hand, OAS might, as in bacteria, function as a signal molecule for regulation of the gene network from sulfate uptake to Cys biosynthesis (Hawkesford, 2000; Leustek et al., 2000; Saito, 2000) . These observations led to the proposal that SAT, catalysing the production of the nitrogen/carbon precursor for Cys synthesis, could be regulated at a metabolic level by Cys concentrations in different sub-cellular compartments (Hawkesford, 2000; Leustek et al., 2000; Saito, 2000) . However, OAS accumulates during sulfur starvation Awazuhara et al., 2000; Nikiforova et al., 2003) and acts positively on the transcript and activity levels of sulfate transporters, ATP sulfurylase, APR, sulfite reductase, plastidial OASTL, and cystosolic SAT, as shown in OAS feeding experiments (Figure 1) (Bolchi et al., 1999; Clarkson et al., 1999; Koprivova et al., 2000; Saito, 2000; Hawkesford, 2003; Hopkins et al., 2005) . Based on these results, Hawkesford (2000) proposed a model in which the expression of genes involved in uptake and assimilation are under positive regulation by OAS. In a later phase of sulfur-starvation, OAS starts to accumulate when insufficient sulfate is available to utilise OAS for Cys synthesis. This model might reflect the metabolic regulation on a cellular level, but not at the plant level. OAS fed to roots revealed that, for example, APR responded only locally to the inducer and not in other tissues . From biochemical and molecular studies, the regulation of either cytosolic or chloroplastic SATs was reported for different plant species, including the model plant Arabidopsis and other plants such as Citrullis vulgaris, Allium tuberosum, Spinacia oleracea, and Phaseolus vulgaris (Smith, 1972; Brunold and Suter, 1982; Noji et al., 1998; Inoue et al., 1999; Urano et al., 2000; Noji and Saito, 2002) . On the other hand, regulation through phosphorylation, involving a large family of calcium-regulated protein kinases, has been described for a soybean cytosolic SAT in response to altered Cys levels (Yoo and Harmon, 1997; Saito, 2000) .
In summary, Cys biosynthesis is tightly regulated at the level of gene expression and enzyme activity. This supports the central role of Cys in plant metabolism as being the first organic compound carrying a reduced sulfur moiety and being the entrance point and 'shunting yard' for the complete plant sulfur metabolism (Figure 1 ).
Biotechnological aspects of altering Cys metabolism
As outlined earlier, Cys has multiple cellular functions, which renders it an interesting target for genetic manipulation to increase its content in plants. This can be accomplished through overexpression of homologous or heterologous pathway genes, or pathway genes mutated in properties such as feedback inhibition. The introduction of entire new pathways from other organisms might also be an option. Overproducing heterologous APR, SAT or OASTL from different bacterial and plant sources caused an up to six-fold increase in the cellular concentration of free Cys and other metabolites such as glutathione (Blaszczyk et al., 1999; Harms et al., 2000; Tsakraklides et al., 2002; Matityahu et al., 2005) . The effects on the levels of free Met, however, are ambiguous. Overexpression of an E. coli SAT in potato resulted in a 50-60% increase in free Met levels, which, although consistent, were not statistically significant (unpublished data; see also Harms et al., 2000) . A similar shift of the SAT/OASTL ratio in favour of SAT achieved through anti-sense inhibition of OASTL in potato resulted in an increase of free Met levels of 70-140%, again not statistically significant, but reproducible and stable in several independent transgenic lines (Riemenschneider et al., 2005) . As Met is not the end product of the pathway, but proteins and SAM, it can be expected that changes in the flux through the Cys/Met pathway should eventually result in pool size changes of these end products. Fitting to this, sulfur starvation of Arabidopsis thaliana plants resulted in relatively constant levels of methionine, while protein and SAM contents were reduced (Nikiforova et al., 2003 (Nikiforova et al., , 2005 . Overexpression of a Pseudomonas APR in maize led to increases in protein-bound seed Cys and Met, as presented by a breeding company on a poster of the ASPB society by Tarczynski et al. (ASPB Poster 1016; http://abstracts.aspb.org/pb2003/public/P62/ 1016.html). All these results allow speculation that the level of free Met is tightly controlled between narrow borders and that the flux of reduced sulfur through the pathway will rather affect the end products, SAM and protein.
APR would be a good target for genetic engineering to obtain plants with a higher content of reduced sulfur for nutrition or increased stress tolerance. Indeed, it seems that increased APR activity results in greater flux through the pathway. Tsakraklides et al. (2002) showed that overexpression of APR in Arabidopsis led to higher contents of reduced sulfur compounds. The inorganic compounds sulfite and thiosulfate were increased to a greater extent than the thiols Cys and glutathione. These results revealed that, for the synthesis of thiols, the availability of organic acceptors is as important as the production of sulfide by the sulfate assimilation pathway (Tsakraklides et al., 2002) .
Recent efforts have identified the SAT/OASTL complex as a suitable regulator of Cys synthesis. Thus, shifts in the relative abundance of SAT and OASTL are potentially appropriate approaches to modulate Cys biosynthesis and its homeostasis, leading to alterations in metabolic turnover and levels of the respective biosynthetic end products. Transgenic plants have been generated that express SAT and OASTL, respectively, alone or in combination with a change in the SAT/OASTL ratio, by expressing heterologous SAT genes from E. coli as WT or mutated genes in tobacco (cytosol and plastid, respectively) and potato (plastid), respectively (Denk and Bock, 1987; Nakamori et al., 1998; Blaszczyk et al., 1999; Harms et al., 2000; Tsakraklides et al., 2002) . These resulted in up to six-fold higher thiol levels, depending on whether homologous or heterologous genes were used, and on the location of the targeted protein (Noji et al., 2002; Wirtz and Hell, 2003) . These results indicate that OAS is limiting and support the earlier results (Saito et al., 1994) . Furthermore, transgenic tobacco plants expressing E. coli SAT were more resistant to oxidative stress generated by hydrogen peroxide, as determined by the level of chlorophyll remaining after the treatment (Youssefian et al., 2001; Sirko et al., 2004) .
Earlier studies revealed that OASTL is in excess (up to 400-fold) over the amount required to provide the overall flux of the pathway and is thus not limiting to the rate of Cys synthesis in plants (Schmidt and Jä ger, 1992; Ruffet et al., 1995; Sirko et al., 2004) . Indeed, overexpression of OASTL in Arabidopsis and tobacco caused only moderate increases in Cys and glutathione levels (Saito et al., 1994) , although these increases led to augmented tolerance to oxidative stress caused by SO 2 , sulfite, H 2 S, methyl viologen (paraquat) or cadmium exposure (Youssefian et al., 1993; Dominguez-Solis et al., 2001; Harada et al., 2001; Noji et al., 2001; Sirko et al., 2004) .
A primary goal of nutritional quality improvement of the essential amino acids Cys and Met, as well as of further metabolites such as glutathione, which are central for plant and human health, is to increase fluxes through the sulfate uptake-assimilation branch of sulfate metabolism and its endpoint, Cys. Various approaches and combinations have already proved to be successful, providing potential for future applications. As discussed previously, indications exist that increased Cys biosynthesis will have an effect on Met biosynthesis, and correspondingly on the flux through the Met biosynthetic pathway to the end products, protein and SAM. These need to be combined with manipulations of the CGS/TS regulatory control system, providing the carbon backbone for Met biosynthesis. Adaptation of distinct approaches to specific crop species may be necessary, as different crop plants show distinct responses to the genetic engineering approaches applied. Furthermore, cross-influences with other metabolic pathways affect strategies of pathway engineering. Thus, applying genomics approaches might help to understand the system in a holistic way and to trigger strategies for further improvements Galili and Hö fgen, 2002) .
Future prospects
In recent years, major progress has been made in understanding the metabolic pathways of essential amino acids and sulfur metabolites in plants, as well in the identification of regulatory and limiting steps in these metabolic pathways that could be overcome by metabolic engineering. However, improvement of these metabolic pathways by overcoming such regulatory and limiting steps was generally associated with impairment of plant growth and productivity. This suggests that further comprehensive understanding of regulatory and metabolic networks, as well as their interactions with plant growth and response to the environment, is needed to optimally improve plant nutritional quality. This can be achieved by genomics approaches, such as gene expression profiling in microarrays, proteomics, metabolic profiling and flux measurements. Such approaches are already used extensively with respect to the metabolism of sugars, lipids and secondary metabolites (covered by extensive, easily traced reviews), and it is expected that they will also be widely applicable to the metabolism of amino acids and sulfur metabolites.
